Abstract-Tadpole-shaped (Ni, Al)/AlN nanoparticles were synthesized via evaporating Ni-Al alloy in a mixed atmosphere of N 2 and H 2 . As a counterpart, the spherical-shaped (Ni, Al)/Al 2 O 3 nanoparticles were also prepared from the same target alloy while in a mixture of Ar and H 2 . The electromagnetic parameters of as-made nanoparticles/paraffin composites were then investigated in the frequency range of 2-18 GHz. Excellent microwave absorption can be obtained for the tadpole-shaped (Ni, Al)/AlN-paraffin composite at high frequencies and in a thin layer, which is thought to be the result of the enhanced polarization in the anisotropic tadpole-shaped nanoparticles. With the increasing of the composite thickness, the frequency of effective reflection loss shifts towards lower frequencies due to an improved impedance match and absorption.
INTRODUCTION
Microwave absorbing materials are widely used to provide the electromagnetic solutions in military shielding and commercial electronics including wireless LAN devices, global positioning system, target-acquisition radar and other high-frequency devices. Theoretically, a perfect absorber should own high dielectric and magnetic loss, as well as impedance match [1] to achieve effective absorption in a thin layer possible. As one kind of absorbents, 3d-transition metals or alloys have attractive advantages for their novel magnetic properties and high Snoek's limit in GHz range. However, the permittivity (ε) and permeability (µ) of pure metals are often hard to be adjusted to suit the requirements of the impedance match. Diverse dielectric materials such as oxides [2, 3] , carbon [4] and polymers [5, 6] are consequently introduced on the metal nanoparticle surface, forming metal-dielectric composite structure. Such nanostructure provides practical routes in tailoring the electromagnetic properties and impedance match. Further, the charge accumulation at metaldielectric interfaces produces extra polarizations and new-generated dipoles, which can always bring enhanced electromagnetic loss [7] .
Aluminum nitride (AlN), as one of the III-V nitride-based semiconductors, owns unique physical properties such as wide band gap, high thermal conductivity (0.823-2.0 Wcm −1 K −1 ) and good mechanical strength [8, 9] . Recently, AlN nanomaterials are of fresh interests due to their high surface area, low dimensionality and dramatically improved performance for many applications, such as in the field-emission and light-emitting nanodevices [10, 11] . Various types of AlN nanostructures with controlled high-aspect-ratio shapes of wires, cones, tips, or belts, have been successfully synthesized by diverse techniques including CVD process [11] , direct nitridation [10] , or arc-discharge method [12] . In this work, we present a first report of tadpole-shaped (Ni, Al)/AlN nanoparticles synthesized by modified arc-discharge method. The as-synthesized nanoproduct has a metallic (Ni, Al) head attached by a well-crystallized AlN tail. Several considerations have been paid for the selection of AlN to form composite with Ni nanoparticles. i) AlN is an excellent electromagnetic loss material as its own dielectric properties [13] . It has attracted special commercial interests to replace the toxic beryllium oxide (BeO) ceramics in microelectronics applications and high-frequency integrated devices [14] . ii) The anisotropic shapes of AlN nanostructures are benefit to the generation of electric dipoles and the enhancement of dipole moments. The combination of AlN and Ni in nanoscales can also adjust the dielectric and magnetic properties for a better impedance match. iii) AlN has high temperature resistance with a sublimation temperature of 2200 • C. As the shell, AlN can prevent the Ni nanocores from oxidation and ensure chemical stability of the composite nanoparticles.
EXPERIMENTAL
The tadpole-shaped (Ni, Al)/AlN nanoparticles were prepared by modified arc-discharge method, as it is used in our former work [15] . Firstly, a binary-alloy ingot was prepared by arc melting Ni and Al blocks (> 99.9% in purity) in a molar ratio of 3 : 1. In the arc-discharge process, the ingot is served as the anode and a tungsten rod as the cathode. N 2 (99.999% in purity) of 2 × 10 4 Pa was then introduced into the evacuated chamber as a reactive gas together with H 2 of 2 × 10 4 Pa as a source of hydrogen plasma. After the evaporation of target alloy, the powder products were stabilized for 5 hours, and then passivated with a small amount of air. The nano powder was collected on the chamber walls. For comparison, a counterpart specimen of (Ni, Al)/Al 2 O 3 nanoparticles was also prepared by evaporating the same target alloy in a mixture of H 2 (2 × 10 4 Pa) and Ar (2 × 10 4 Pa).
The structures of nanoparticle were characterized by XRD with Cu Kα radiation and their morphologies were inspected by HRTEM (Tecnai G220 S-Twin). A photoluminescence (PL) spectrum for the nanoparticles was obtained using a KIMMON IK3301R-G spectrometer at room temperature. The 325 nm line of a He-Cd laser (30 mW in power) was used as the excitation source. For the microwave measurement, 40 wt.% as-made nanoparticles were homogeneously blended into a melted paraffin matrix. After hardening, the mixture was die-pressed into toroidal compacts with 7.00 mm outer diameter and 3.00 mm inner diameter. The toroidal material has the same thickness of 2 mm with the compact and the error of the thickness was controlled within 0.05 mm by fine grinding of the surface. The toroid was then tightly fit into a coaxial measurement cell. On the test setup, full two-port calibration was initially performed in order to remove errors due to the directivity, source match, load match, isolation and frequency response in both the forward and reverse measurements. The scattering parameters corresponding to the reflection (S 11 and S 22 ) and transmission (S 21 and S 12 ) were measured in the frequency range of 2-18 GHz by an Agilent 8722ES network analyzer. The complex permeability and permittivity were determined from the scattering parameters using the Nicolson-Ross (for magnetic) and precision (for nonmagnetic) models [16] , which are included in the Agilent measurement software and have the declared accuracy within 2%.
RESULTS AND DISCUSSION
X-ray diffraction pattern of as-prepared nanoparticles is shown in Figure 1 . The diffraction peaks of (Ni, Al)/AlN nanoparticles in Figure 1(a) The morphology of (Ni, Al)/AlN nanoparticles is given in Figure 2 (a), which shows a tadpole-like shape of the nanoparticles. More details are given in Figure 2 [17, 18] , the vapor of Ni and Al will then condense into Ni-rich liquid droplets between the temperatures of T b,Al and T m,Ni (melting point of Ni, T m,Ni = 1455 • C). Simultaneously, the Al-N species may nucleate at interfaces. As the temperature decrease below T m,Ni , Ni droplet solidifies into the metal cores of nanoparticles, along with the growth of c-AlN at the interfaces. As we know, AlN has two main crystal structures: hexagonal wurtzite (α-phase h-AlN) and cubic zincblende (β-phase c-AlN). Although the α-and β-phases of AlN only differ in the stacking sequence of nitrogen and Al atoms, the preparation of α-phase AlN is much easier than that of the β-phase. If pure Al block is evaporated in N 2 atmosphere by the same arc-discharge method, the crystal of the AlN products is wurtzite structure only [12] . Recently, c-AlN attracts increasing interests and it is expected to possess higher ballistic electron velocities and thermal conductivity because of its higher crystallographic symmetry than that of h-AlN [19] . Due to its metastable character, the c-AlN is always fabricated with the assistant of catalyst or grows on certain substrate [17] . In our case, the formation of c-AlN is considered as the contributions of the pre-condensed Ni nanocores. mode of physical evaporation and condensation, however the Al 2 O 3 shell is formed around the nanoparticles in the succedent process of passivation, as indicated in XRD spectrum and HRTEM image.
The photoluminescence (PL) spectra of the (Ni, Al)/AlN and (Ni, Al)/Al 2 O 3 nanoparticles is collected and shown in Figure 4 . It is can be seen a broad UV-blue emission band centered at 350 nm (i. [22] . Hence, the luminescence at 350 nm of our (Ni, Al)/AlN nanoparticles originates from the co-work of oxygen-related defect and Al vacancy in weakly oxided aluminum nitrides, while we cannot find any PL response in the (Ni, Al)/Al 2 O 3 nanoparticles. Photoluminescence spectra of the nanoparticles definitely confirmed the presence of (Ni, Al)/AlN, moreover, oxygen-related defects and interfaces of the nanoparticles can provide additional polarization due to their charge accumulation at the defects and the interfaces. Figure 5 shows the frequency dependence of the real parts (ε ) and imaginary parts (ε ) of complex permittivities for the (Ni, Al)/AlN and (Ni, Al)/Al 2 O 3 nanoparticles. The ε and ε values of (Ni, Al)/AlN nanoparticles are almost constants of 7 and 0.25 respectively in the range of 2-15 GHz, while those of (Ni, Al)/Al 2 O 3 nanoparticles are 4.0 and 0.22 respectively in the same frequency range. Overall, the complex permittivities of the prepared samples are lower than those of the ferromagnetic metal nanoparticles. In our former reports, the ε value of the paraffin matrix composites containing Fe nanoparticles is about 16 and that of Ni nanoparticle was measured around 14 over 2-18 GHz [23] . Metal alloy nanoparticles always show lower real permittivity than corresponding mono metals. For example, CoFe alloy nanoparticles were reported to have the ε values around 6.5 in the frequency range of 2-14 GHz [24] . The permittivity of FeNi 3 alloy particles is almost constant of 5.9 in the 2-10 GHz range [25] that is nearly half lower than that of Fe and Ni nanoparticles. It is speculated that the lower ε values of these alloys result from the increasing resistivity, because metal alloys normally have greater resistivity than pure metals. As tested in the deposited Ni-25Al film [26] by magnetron sputtering, the nanofilm has the resistivity around 20 MΩ at 300 K, which is obviously higher than that of pure Ni or Al.
For present samples, higher ε values of (Ni, Al)/AlN than that of (Ni, Al)/Al 2 O 3 can also be observed in Figure 5 . Generally, the real part of permittivity is an expression of the polarization ability of a material. Hence, higher ε values of (Ni, Al)/AlN are thought as the result of the enhanced interfacial polarization originated from the charge accumulation at the heterogeneous interface of Ni and AlN. We notice that the difference of work functions (AlN: 3.70 eV [27] ; Ni: 5.15 eV [28] ) leads to the existence of contact potential at the AlN-Ni interface and results in a redistribution of charges. The electric double layer is formed at the AlN-Ni interface as described in a previous work [29] . A recent research [30] further indicated that metals in a dielectric matrix can greatly affect the polarizability of the surrounding ions and benefit the increasing of born effective charges for the double layers. Further, the interfacial polarization can also be enhanced owe to small electron affinity of AlN, ranging from negative values to 0.6 eV [31] . Electrons can easily escape at the interface with such a small electron affinity when an electric field is applied. As a result, higher real permittivity of (Ni, Al)/AlN nanoparticles can be obtained in the full frequency range and it indicates an additional relaxation constructed at the Ni-AlN interfaces.
In the frequency range of 15-18 GHz, it appears an obvious peak in the ε curve of (Ni, Al)/AlN. It is obviously that this strong peak cannot be found either in Ni-Al alloy or in AlN [14] . The (Ni, Al)/AlN nanoparticle is a such perfect system, because the metallic-dielectric nanocomposite with the polarized charges can play the role of dipoles, as demonstrated in the silver nanoparticles dispersed in an aluminum oxide thin film [32] . When applied signal frequency is much lower than the relaxation frequency of the nanoparticles, such as in the KHz to MHz range [33] , the dipoles will be polarized and contribute to the overall permittivity of the nanocomposite. However in the microwave region, the applied frequency is beyond the dipole relaxation frequency so that the electrons in the dipoles do not have sufficient time to response the alternations of the electric field [34] , while just vibrate at their positions. Resonance will happen at certain frequency as it is found at around 17 GHz in (Ni, Al)/AlN sample. Another important contribution to the intensive resonance of dipoles comes from the asymmetric topology of in-particle structure. The anisotropic shape of tadpole-like (Ni, Al)/AlN nanoparticles can produce potentially significant induced and/or permanent dipole moments, as appeared in the nanowires [35] and fibers [36] . It is the same reason why the ZnO nanowires have stronger microwave absorptions than the ZnO microparticles [37] . Actually we can also find a peak at about 14 GHz in the real permittivity curve of (Ni, Al)/Al 2 O 3 , as indicated by arrow in Figure 5 . However, its weaker intensity than that of (Ni, Al)/AlN may be related to a lower accumulated charge density or electric dipole moments.
The complex permeability of (Ni, Al)/AlN nanoparticles is plotted in Figure 6 . The real part remains an approximate constant of about 1.2 over 2-18 GHz, and the imaginary part slowly increases from 0 to 0.27 with frequency increasing. Generally the relative permeability can be expressed as µ = 1 + (M/H), where M is the magnetization and H is the external magnetic field. According to this basic equation, it is can be seen that the lower permeability values of (Ni, Al)/AlN nanoparticles than that of pure Ni nanoparticles [23] result from the decreasing saturation magnetization of (Ni, Al)/AlN nanoparticles with nonmagnetic ingredients. Several peaks, such as that at 3.2, 6.0 and 11.2 GHz, are observed in the curve of µ . Generally, the magnetic loss is implied by the imaginary part of permeability and originates mainly from several factors, such as the magnetic hysteresis, domain-wall displacement, eddy current loss and natural resonance. The hysteresis loss normally can be neglected in a weak applied field. The domain-wall resonance occurs only in multi-domain materials and in the 1-100 MHz range [38] . The eddy current loss in the nanoparticles can be effectively suppressed by the outer insulator and reduced particle sizes. Hence, the peaks in the curve of µ can be speculated as the multi-resonance attributed to the small size effect, surface effect and spin wave excitations, which have been defined as exchange mode resonance [39] . The resonance frequencies are dependent on the particle's radius and can be observed when reducing the size of the metallic magnetic particles.
Another large variation of permeability can be observed at the frequency range of 16.5-18 GHz. The real permeability increases from 16.5 GHz and reaches to maximum value at 17.5 GHz, which indicates an increase of magnetic energy storage. It is interesting that this variation happens in the same frequency band with that in the permittivity curve. For a better comprehension, the tangent loss (tan δ ε = ε /ε , tan δ µ = µ /µ ) versus frequency curve, as shown in the inset of Figure 6 . In the region of 16.5-18 GHz, the variation of dielectric loss and the magnetic loss keeps consistent; however the tendency is opposite each other, which implies that an energy conversion occurs there. Similar phenomenon has been reported Frequency/GHz Figure 6 .
Frequency dependences of complex permeability and tangent loss (insert) for the (Ni, Al)/AlN nanoparticleparaffin composite. Frequency dependences of reflection loss for (Ni, Al)/AlN nanoparticle-paraffin composite.
Insert: A contour plot of reflection loss vs. frequency and thickness. for the Fe 3 O 4 /ZnO core/shell nanorods and it was speculated that an induced electric current will be produced during the polarization processes due to the semiconductor characteristics of ZnO [37] . In our work, an enhanced polarization also exists at 16-18 GHz as described in the former parts. An induced electric field will formed in our nanoparticles along with the augment of internal magnetic field. As a result, the magnetic energy storage increases with the strong dielectric polarization at high frequencies.
To further reveal the microwave absorption properties of (Ni, Al)/AlN nanoparticles, the reflection loss (RL) were calculated from the measured values of permeability and permittivity. According to the transmission line theory, the RL values can be calculated through the following equations [40] :
, where t is the thickness of an absorber, c is the velocity of light, Z 0 is the impedance of air, and Z in is the input impedance of absorber. The contour plot of RL vs. frequency and thickness is shown in the insert of Figure 7 . Referring to the scale bar, the RL values less than −10 dB, which means over 90% electromagnetic power absorbed, can be found at the high frequency band. The RL curves at selected absorber thicknesses are also plotted in Figure 7 . When the thickness increases from 5.0 to 7.0 mm, the optimal RL values move toward the lower frequency region with increasing values. Normally for a microwave absorption curve, the parameters such as peak frequency, absorption intensity (minimum reflection loss) and thickness are always concerned for the evaluation of the absorption performance. However the parameters have inherent relationship with each other. Inui et al. [41] established the quarter-wavelength (l/4) condition for the peak frequency (f m ) and matching thickness (t m ) in the equation, f m = nc/(4t m |ε||µ|) (n = 1, 3, 5, 7, 9 . . .), where c is the velocity of light; ε and µ are complex permittivity and permeability at f m . This equation can be rewritten into t m = n 4 λ m (λ m = c/(f m |ε||µ|)) (n = 1, 3, 5, 7, 9 . . .), where λ m is the propagation wavelength of the microwave in the absorber at f m . When the thickness of the absorber equals or approaches to nλ m /4, the incident and reflected wave are out of phase by π and cancel each other, so that the reflection loss reaches the minimum value. Therefore, we can conclude that the reflection peaks are related to the matching thickness of absorber with the given values of ε and µ. Furthermore, we can also change the value of ε and µ through the fabrication of nanocomposite and adjust the relationship between thickness and reflection peaks.
In the frequency range of 16.5-18 GHz, the optimal RL values decrease from −10 dB to −31 dB with the thickness increasing from 1.2 mm to 1.4 mm. As dedicated in the Figure 7 , the minimum RL value of −31.6 dB at 17 GHz is obtained, corresponding to 99.9% microwave absorption in quite a thin layer of 1.4 mm. For a single layered absorber, RL generally arises from dielectric loss, magnetic loss or impedance matching. The magnetic loss is in such a low value at 17 GHz and cannot be the reason for the strong RL. The impedance matching condition requires the intrinsic wave impedances of the absorber (η) equivalent to that of air (Z 0 ), which can be computed by [42] : η = µ 0 /ε 0 µ r /ε r = Z 0 µ r /ε r , where Z 0 = 377 Ω and ε r , µ r are the complex permittivity and complex permeability of the absorber. According to the equation, the impedance matching condition can be satisfied when µ r equals to ε r . By comparing the values in Figures 5 and 6 , the permittivity has a large difference with the permeability at 17 GHz, which is far from the impedance matching. Hence, at high frequencies over 16.5 GHz, the strong microwave absorption comes from the strong dielectric loss due to the enhanced polarization in the (Ni, Al)/AlN nanoparticles. While in the range of 2-16.5 GHz, the dielectric loss is comparable with the magnetic loss and both of them contribute to the microwave absorption enhancement in the composite. The optimized RL performance results from a better impedance match between the dielectric and magnetic properties.
CONCLUSION
The (Ni, Al)/AlN nanoparticles were fabricated by the arc-discharge method and confirmed to have an unique tadpole-shape nanostructure of (Ni, Al) metallic head and AlN tail. The nanoparticles present strong dielectric loss in the frequency range of 16-18 GHz, which is considered as the result of enhanced interfacial and dipolar polarization, relating to the anisotropic shape of (Ni, Al)/AlN nanoparticles. The maximum reflection loss reaches −31.6 dB at 17 GHz for the absorber in a thin thickness of 1.4 mm. As an additive for microwave absorbent, the tadpole-shaped (Ni, Al)/AlN nanoparticles can complement the deficiencies of high frequency loss to the traditional absorbents, and moreover, the chemical stability of aluminum nitride would allow the nanocomposite working in severe environmental conditions beyond the endurance of pure metals.
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